To identify genes that contribute to apoptotic resistance, IL-3 dependent hematopoietic cells were transfected with a cDNA expression library and subjected to growth factor withdrawal. Transfected cells were enriched for survivors over two successive rounds of IL-3 withdrawal and reconstitution, resulting in the identification of a full-length elongation factor 1 alpha (EF-1a) cDNA. Ectopic EF-1a expression conferred protection from growth factor withdrawal and agents that induce endoplasmic reticulum stress, but not from nuclear damage or death receptor signaling. Overexpression of EF-1a did not lead to growth factor independent cell proliferation or global alterations in protein levels or rates of synthesis. These findings suggest that overexpression of EF-1a results in selective resistance to apoptosis induced by growth factor withdrawal and ER stress.
Introduction
Programmed cell death, or apoptosis, is a genetically determined form of cell death that is essential for the development and homeostasis of cellular repertoires in multicellular organisms. Several genes for the execution of apoptosis have been identified, and growing evidence suggests that multiple pathways exist for the integration and initiation of cell death signals. 1, 2 The most direct pathway to activation of programmed cell death involves the engagement of cell surface death receptors, which leads to the activation of receptor proximal initiator caspases. 3 A second, cell-intrinsic pathway involves the Bcl-2-homology region 3 (BH3)-only containing proteins that directly or indirectly activate proapoptotic proteins Bax and Bak, which initiate apoptosis by promoting mitochondrial dysfunction. 4, 5 Other organellespecific initiators of cell death include the endoplasmic reticulum (ER), which can sense perturbations in Ca 2+ homeostasis or protein folding and trigger apoptosis by the unfolded protein response (UPR) and the ER-specific protease, caspase-12. 6, 7 Additionally, the nucleus can detect DNA damage and initiate apoptosis through activation of p53 and stress kinases. 8 Thus, it appears that organelle-and stimulus-specific apoptosis pathways exist.
Bcl-2-related proteins are an evolutionarily conserved gene family that act as central regulators of apoptosis. Antiapoptotic members of the Bcl-2 family, such as Bcl-x L , are able to prevent apoptosis by facilitating mitochondrial homeostasis. 9 Expression of these proteins appears to increase resistance to multiple apoptotic stimuli. 10 ± 12 In contrast, relatively little is known about stress-specific inhibitors of apoptosis, and the regulation of specific survival pathways remains incompletely understood.
In an effort to identify novel regulatory genes that can antagonize cell death, we initiated a screen of a HeLa cDNA expression library for genes that inhibit apoptosis in IL-3 dependent FL5.12 cells. Transfected populations were enriched for cells surviving two successive rounds of IL-3 withdrawal and reconstitution. Clonal populations were isolated and the cDNA rescued by polymerase chain reaction (PCR). One of the clones isolated contained a full-length elongation factor 1-alpha (EF-1a) cDNA that protected from death following IL-3 withdrawal upon retransfection. EF-1a is an evolutionarily conserved GTPase that catalyzes the efficient delivery of charged tRNA to the ribosome during protein elongation and is critically involved in translation fidelity. 13, 14 Here we show that enforced EF-1a expression provides dose-dependent protection from growth factor withdrawal without transforming cells. EF-1a expression does not protect from nuclear or death receptor initiated apoptosis, but does prevent death from ER stress. These findings suggest a role for EF-1a as a regulator of ER stress and growth factor withdrawalinduced apoptosis.
Results
To better understand signaling events that affect programmed cell death, we designed a screening strategy to identify complete or partial human genes that conferred survival under conditions where apoptosis is normally induced. When deprived of IL-3, FL5.12 cells rapidly initiate apoptosis and cannot be rescued by cytokine readdition after 36 h. FL5.12 cells are well-studied, non-transformed murine pro-B cells that require IL-3 for growth, survival, and proliferation. 16 A unidirectional cDNA library from HeLa adenocarcinoma cells in the mammalian expression vector pcDNA3.1 was transfected into 10 independent populations of 1610 7 FL5.12 cells. Cells were allowed to recover from electroporation for 1 day in complete medium and then withdrawn from IL-3 for 2 days. Less than 1% of vector control transfected or untransfected cells remained viable after 48 h in the absence of growth factor, as measured by their ability to exclude propidium iodide (Figure 1 ). To ensure stable integration of the library plasmids, surviving populations were selected for genomic integration of the cDNA insert in the presence of G418 following 24 h of IL-3 readdition (Figure 1) .
At the completion of one round of this selection protocol, all 10 cDNA transfected populations contained viable cells, while no cells could be recovered from the control populations. To reduce the number of false positives, G418-resistant populations that survived the initial round of IL-3 deprivation were subjected to a second round of IL-3 withdrawal. Further rounds of selection did not appear to enrich for survivors as judged by recovery from selection at limiting dilutions (data not shown). Therefore, populations that survived the second round were cloned and cDNA insertions from clonal populations were rescued by PCR. The amplified PCR fragments were cloned into the pSFFV expression vector, retransfected into FL5.12 cells, and screened for the capacity to confer IL-3-independent survival. Of the 11 clones analyzed, one clone was able to promote survival following IL-3 withdrawal in multiple independent transfections. The sequence of the 1284 bp cloned cDNA was determined and found to contain the complete open reading frame of human elongation factor-1 alpha (EF-1a) gene. 14 To determine the kinetics of EF-1a protection from cell death, populations of FL5.12 cells constitutively overexpressing murine EF-1a or human Bcl-x L protein were established and survival following IL-3 withdrawal was compared ( Figure 2A ). As previously reported, overexpression of Bcl-x L promoted survival in the absence of growth factor ( Figure 2B ). 16 EF-1a overexpression retarded death kinetics and conferred a similar magnitude of protection to that of Bcl-x L at 24 h without IL-3. Expression of EF-1a did Figure 1 Viability of cell populations screened for genes that antagonize apoptosis. FL5.12 cells were transfected with a HeLa cDNA library, empty vector, or no DNA. The viability of surviving populations, as measured by the ability to exclude propidium iodide (PI), was assessed over time by flow cytometry. IL-3 was removed and reconstituted at the indicated times. Geneticin (G418) was added at day 4. Viable cells were recovered 16 ± 25 days post-transfection. The mean+S.D. of 10 independent populations is plotted for the cDNA-containing populations 
of three independent experiments
EF-1a in cell survival S Talapatra et al not alter endogeneous Bcl-x L protein levels (Figure 2A ), suggesting that survival was by an independent mechanism. Both EF-1a-and Bcl-x L -expressing viable cells could be detected at least 3 days after growth factor withdrawal and recovered by IL-3 readdition, while vector control cells were no longer viable under these conditions (data not shown).
We next investigated the correlation between EF-1a protein expression levels and the magnitude of survival. Independent clones expressing high (EF-1a1) and moderate (EF-1a2 and EF-1a3) levels of EF-1a protein were chosen for further analysis (for relative expression levels see inset box, Figure 2C ). In the absence of IL-3, EF-1a expression levels correlated with the magnitude of survival with highest expression conferring the best survival ( Figure  2C ). These data show that the constitutive overexpression of EF-1a protects FL5.12 cells from IL-3 withdrawal-induced death and that this protection is dose-dependent.
The constitutive expression of EF-1a has been reported to lead to transformation. 17 We therefore investigated whether the protection observed in FL5.12 cells was a consequence of IL-3-independent proliferation. Cells were incubated with the nucleotide analog BrdU, and the BrdU incorporated into newly synthesized DNA was used to determine the percentage of cycling cells in the population. In the presence of growth factor, all populations incorporated BrdU (Figure 3 ). However, 48 h after IL-3 withdrawal, both EF-1a and Bcl-x L overexpressing cells had exited the cell cycle as both populations no longer incorporated BrdU but contained high numbers of viable cells. Further analysis showed that both populations withdrew from the cell cycle and arrested in G1 (data not shown). Thus, overexpression of EF-1a in FL5.12 cells does not obviate the need for IL-3 signaling for cell proliferation, 16 and the enhanced survival in the absence of growth factor observed in these populations does not result from IL-3-independent proliferation.
Mammalian EF-1a shares homology with the bacterial translation protein EF-Tu, and both proteins are essential for protein synthesis. Manipulation of EF-1a protein levels has been reported to alter total cellular protein levels through mechanisms involving both protein synthesis and degradation. 18 Therefore, steady state protein levels and rates of protein synthesis were assessed. First, total cellular protein levels were compared. The enforced expression of EF-1a did not appear to affect the total protein content in the presence or absence of IL-3 ( Figure  4A ). To further evaluate cellular protein content and distribution, 2-dimensional (2D) gel electrophoresis was performed. No reproducible alterations in the distribution of proteins in EF-1a overexpressing cells relative to vector control counterparts were found (data not shown). Consistent with cell mass measurements, the size of EF-1a overexpressing cells revealed no significant differences with control cells in the presence or absence of IL-3 (data not shown). We next investigated the kinetics of protein synthesis. EF-1a expressing cells incorporated similar amounts of 35 S-methionine relative to control populations in both the presence or absence of IL-3 ( Figure 4B ). Thus, enforced expression of EF-1a does not affect total cellular protein content, cell size, or the rate of protein synthesis in FL5.12 cells.
Apoptosis can be triggered through multiple pathways, including death receptor engagement, nuclear DNA damage, and ER stress. In order to determine the scope of EF-1a mediated protection, we assayed EF-1a antiapoptotic activity in response to UV irradiation, treatment with TNF-a and cycloheximide (CHX), etoposide, brefeldin A (BFA), and thapsigargin. EF-1a overexpression had no effect on apoptosis in response to the nuclear stress agents, UV irradiation and etoposide, while Bcl-x L expression was protective, suggesting that the ability of EF-1a to promote survival is distinct from that of Bcl-x L ( Figure 5 and data not shown). EF-1a expression did not interfere with activation of the death receptor pathway as TNF-a/CHX treatment led to rapid loss of viability. In contrast, each of the two EF-1a clones examined conferred durable, longterm survival advantage from the ER stress agents, BFA and thapsigargin ( Figure 5 ). BFA reversibly blocks protein transport between the ER and Golgi, 19 while thapsigargin inhibits the ER Ca 2+ -ATPase family of calcium pumps. 20 A Figure 3 EF-1a expression promotes cell survival independent of proliferation. EF-1a and Bcl-x L overexpressing clones were grown with or without IL-3 for 48 h, incubated with BrdU, and analyzed by flow cytometry. The percentage of BrdU positive events was calculated after gating to remove sub-diploid events reduction in the rate of cell death following treatment with the protein glycosylation inhibitor, tunicamycin, 21 a third ER stress agent was also observed (data not shown). In all the ER stress treatments, the magnitude of protection directly correlated with the level of EF-1a expression. Thus, EF-1a retards apoptosis induced by ER stress in a dosedependent manner.
Discussion
We have identified EF-1a from a screen for genes that protect IL-3 dependent cells from growth factor withdrawal-induced death. EF-1a is a GTPase that has multiple and divergent roles in cell physiology affecting the cytoskeleton, peptide synthesis and protein degradation. 18, 22, 23 We have found that the enforced expression of EF-1a can promote long-term viability from growth factor withdrawal-induced death in proportion to its level of expression. EF-1a protection does not extend to nuclear DNA damaging agents nor activation of TNF death receptors. However, EF-1a expression provides significant protection from all ER stress inducing agents assayed.
Overexpressing EF-1a in FL5.12 cells renders them refractory to IL-3 deprivation-induced cell death, although these cells remain dependent on IL-3 signaling for growth and proliferation. Previous findings suggest that the constitutive expression of EF-1a can sensitize cultured cells to transformation by chemical agents or irradiation, but is not itself transforming. 17 The results reported here provide a molecular explanation for these earlier observations. EF-1a may create an environment suitable for mutagens to induce transformation by increasing cellular resistance to apoptosis as has been proposed for Bcl-2 and Bcl-x L . 24 As EF-1a is an essential translation elongation factor, the effect of EF-1a overexpression on peptide synthesis was investigated. It is unclear whether enforced EF-1a expression can affect rates of protein translation. 18, 25, 26 We did not detect global effects on protein levels or rates of production. The lack of changes in global protein production does not rule out, however, that enduring EF-1a expression may alter the expression of individual proteins that protect the cell from apoptosis. In such an event, enforced EF-1a expression would allow for the expression of cellular stress response proteins under apoptotic conditions where rates of protein production significantly and progressively decline. 27 ± 29 In this model, if a specific regulator of apoptosis were affected, it is unlikely to be one that protects from multiple apoptotic stimuli such as prosurvival proteins of the Bcl-2 family, as the overexpression of EF-1a provides no protection from apoptosis initiated by DNA damage, where Bcl-x L is protective.
The role of EF-1a in survival may not require its function in peptide elongation. EF-1a has an established role in maintaining and enhancing translational fidelity. Both the Figure 4 EF-1a overexpression does not affect total protein levels or rate of synthesis. (A) Total protein content using BCA reagent was assessed from equal numbers of cells grown for 8 h in the presence or absence of IL-3. (B) Equal numbers of cells were grown in the presence or absence of IL-3 for 6 h and then pulsed with 35 S-methonine for 30 min. Total incorporation of radioactive label was quantified by TCA precipitation followed by scintillation counting. The mean+S.D. of three independent samples is presented Figure 5 EF-1a expression protects FL5.12 cells from ER, but not nuclear, stress. Equal numbers of cells were grown in the presence of IL-3 and treated with either 10 ng/ml TNF-a and 10 mg/ml with cycloheximide (TNF-a/CHX), 100 mM etoposide, 1 mg/ml brefeldin A, or 1 mM thapsigargin, as indicated. Viability was assessed by PI exclusion over time using a flow cytometer. The mean+S.D. of three readings is presented codon specific binding of amino-acyl-tRNA with its complimentary anticodon and the rejection of mismatches (proofreading) require the activity of EF-1a. 30 ± 32 One important effect of reduced translation fidelity is an increase in the frequency of proteins that are no longer able to adopt their native conformation due to amino acid misincorporation. Such changes in protein content and folding could be recognized in the ER, an organelle ideally suited to detect changes in protein fidelity, where nearly a third of proteins are thought to be processed. 33 The ER is a protein dense organelle that houses chaperones for the proper modification and folding of nascent polypeptides. Accumulating unfolded proteins form aggregates which can initiate an ER specific unfolded protein response (UPR) and ultimately apoptosis. 34 ± 36 If increasing EF-1a levels increases translation accuracy, the overexpression of EF-1a may lead to a reduction of unfolded proteins in the ER.
What might IL-3 deprivation and ER stress have in common? The attenuation of glucose uptake has been observed within hours of IL-3 withdrawal, 37 in part resulting from the removal of nutrient transporters from the cell surface. 38 Glucose deprivation, in turn, has been demonstrated to induce ER stress by perturbing protein glycosylation in the ER. 39 Overexpression of EF-1a may reduce the rate at which intracellular glucose is depleted through ER glycosylation of proteins that are ultimately degraded because of translational errors. This model provides an explanation for the selective anti-apoptotic advantage for the elevated levels of EF-1a observed during neoplasic transformation and in tumors. 40 
Materials and Methods

Cell culture
FL5.12 cells were cultured in RPMI-1640 (Gibco BRL) supplemented with 10% fetal bovine serum (FBS) (Clontech), 300 pg/ml recombinant IL-3 (rIL3) (Pharmingen), 20 mM HEPES, 50 mM 2-mercaptoethanol, 100 U/ml penicillin, and 100 mg/ml streptomycin. Methionine-free media was made using glutamine-, methionine-, and cystine-free RPMI 1640 (Mediatech), supplemented with 300 mg/l glutamine, 65 mg/l cystine, dialysed FBS (Gibco BRL), HEPES, 2-mercaptoethanol, penicillin, and streptomycin. Where indicated, cells were treated with either 10 ng/ml Tumor Necrosis Factor-a and 10 mg/ml cycloheximide (TNF-a/CHX), 200 J/m 2 ultraviolet radiation (UV), 100 mM etoposide (Sigma), 1 mg/ml brefeldin A (BFA, Sigma), 1 mM thapsigargin (Sigma), or 10 mg/ml tunicamycin. Cell number and size measurements were made using a Coulter Z2 instrument (Beckman Coulter).
Screening of expression library
Ten independent populations of 10 million cells were transfected with 10 mg each of HeLa cDNA library (Invitrogen). Cells were allowed to recover from electroporation for 24 h before withdrawal from IL-3 by washing three times with RPMI 1640. After 2 days, recombinant IL-3 was reconstituted (300 pg/ml) and cells allowed to recover for 1 day before selection in 1 mg/ml Geneticin (Gibco BRL). Cells were cloned under limiting dilution conditions and cDNA insert amplified using Expand High Fidelity PCR System (Roche Molecular Biochemicals) with primers 5'-CATTGACGCAAATGGGCGGTAGGCGTG and 5'-GGCAACTAGAAGGCACAGTCGTGGCTGAT flanking the multiple cloning site of pcDNA3.1. Murine EF-1a constructs were generously provided by E Wang, McGill University, Canada. EF01a was PCR amplified with 5'-CGGAATTCGCAAAAATGGGAAAGGAAAAGACT-CAC and 5'-CGGAATTCTCATTTAGCCTTCTGAGC primers and cloned into the EcoRI site of pSFFV vector 15 for further study. Following PCR, the EF-1a sequence was verified by DNA sequencing.
Protein studies
Cells were lyzed in 0.05% NP-40 buffer with protease inhibitors (Complete, Roche), standardized for protein content, and separated by SDS ± PAGE (Invitrogen). Following transfer to nitrocellulose, blots were probed with either mouse anti-EF1a (Upstate Biotechnology), rabbit anti-Bcl-x L , or mouse anti-tubulin (Santa Cruz). Horseradish peroxidase-conjugated anti-rabbit (New England Biolabs) or antimouse (Promega) secondary antibodies were added to immunoblots and visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech). For total protein measurements, 5610 5 cells were washed once with PBS, lysed, and protein content assessed using BCA protein assay reagent (Pierce). To determine the rate of protein synthesis, 5610 5 cells were washed twice and incubated for 15 min in methionine-free RPMI 1640 supplemented with or without rIL-3 to deplete intracellular methionine stores. Cells were then pulsed with 5 mCi 35 S-methionine for 30 min, washed once with cold PBS, and lysed in RIPA with protease inhibitors (Complete, Roche). Labeled proteins were precipitated with 10% trichloroacetic acid and radioactivity determined by scintillation counting (Wallac).
Cell viability assays
To determine cell viability, cells were washed three times in RPMI-1640 and resuspended to a density of 2610 5 cells/ml in complete media lacking IL-3. Samples were removed at the indicated time points and propidium iodide (PI, Molecular Probes) added to a final concentration of 4 mg/ml. Analysis was completed in a FacsCalibur flow cytometer (Becton Dickinson). For ER stress agents, an appropriate dose was selected from a range of concentrations tested. BFA was titrated between 1 and 100 mg/ml, thapsigargin from 0.2 to 20 mM, and 0.1 and 100 mg/ml for tunicamycin.
